Survival in natural environments for small animals such as rats often depends upon precise neural coding of life-threatening acoustic signals, and binaural unmasking of species-specific pain calls is especially critical. This study investigated how speciesspecific tail-pain chatter is represented in the rat amygdala, which receives afferents from both auditory thalamus and auditory association cortex, and whether the amygdaloid representation of the chatter can be binaurally unmasked. The results show that chatter with a fundamental frequency (F0) of 2.1 kHz was able to elicit salient phase-locked frequencyfollowing responses (FFRs) in the lateral amygdala nucleus in anesthetized rats. FFRs to the F0 of binaurally presented chatter were sensitive to the interaural time difference (ITD), with the preference of ipsilateral-ear leading, as well as showing features of binaural inhibition. When interaurally correlated masking noises were added and ipsilateral chatter led contralateral chatter, introducing an ITD disparity between the chatter and masker significantly enhanced (unmasked) the FFRs. This binaural unmasking was further enhanced by chemically blocking excitatory glutamate receptors in the auditory association cortex. When the chatter was replaced by a harmonic tone complex with an F0 of 0.7 kHz, both the binaural-inhibition feature and the binaural unmasking were preserved only for the harmonic of 2.1 kHz but not the tone F0. These results suggest that both frequencydependent ascending binaural modulations and cortical descending modulations of the precise auditory coding of the chatter in the amygdala are critical for processing lifethreatening acoustic signals in noisy, and even reverberant environments.
INTRODUCTION
Perception of threatening sounds, such as predators' calls or species-specific pain calls, is vital for survival (Dennis and Melzack 1983; Hendrie et al. 1998 ). When such sounds occur in noisy environments, precise neural coding of these signals is even more critical.
One audible and vowel-like component of the rats' vocal response to tail pain has been called "chatter" and is characterized by a fundamental frequency (F0) plus several harmonics (Jourdan et al. 1995) . The latency of chatter to a pain stimulus is stable even when the pain stimulus is presented randomly relative to the respiratory rhythm of the rat (Jourdan et al. 1995) . Thus chatter is not simply an artifact of quick breathing in response to pain. And since chatter intensity can be reduced by systemic administration of morphine (1-3 mg/kg), it has been suggested that chatter reflects an affective state of the rat (Jourdan et al. 1998 ). However, very few studies about either neural or behavioral responses to chatter have been found in the literature. Frequency-following responses (FFRs) are sustained potentials based on precisely phase-locked neural activities elicited by low-to-medium frequency periodical sound waveforms (Marsh et al. 1970; Smith et al. 1975) . It is interesting and important to know whether FFRs to tail-pain chatter can be recorded in brain structures that process life-threatening signals.
The amygdala is importantly associated with emotion-relevant sound detection (Sander and Scheich 2001; Fecteau et al. 2007; Kuraoka and Nakamura 2007) , auditory emotional learning (Davis 1994; LeDoux 2000) , and fear-conditioned modulation of auditory coding (Quirk et al. 1997; Maren et al. 2001) . For example, in humans the amygdala is involved in the perception of both positive and negative nonlinguistic emotional vocalizations (Fecteau et al. 2007 ). In rats, the lateral nucleus of the amygdala (LA) receives afferents from both 8 (2) Locke's/0.1-ms (n = 9), (3) KYNA/1-ms (n = 14), and (4) Locke's/1-ms (n = 9). There was also a masker-control group (see below for details) which did not receive any injection (n = 12).
Two blocks of recordings were conducted before injection with the chatter being the signal in one block and the tone complex being the signal in the other block. One additional block of recording was conducted after injection only with the chatter as the signal.
In each block before injection, rats were adapted to the signal for 10 min, then the following stimuli were presented: (1) monaural signal (ipsilateral, I; contralateral, C) in quiet, (2) binaural signal in quiet with the following ITDs: -0.1 or -1 ms (ipsilateral signal leading, I/C), 0 ms (bilaterally simultaneous, ST), and +0.1 or +1 ms (contralateral signal leading, C/I), and (3) binaural signal in masking noise (the four groups with injection were presented with both the signal (chatter or tone complex) and interaurally correlated noise, while the masker-control group was presented with both the chatter and interaurally uncorrelated noise).
Under conditions with co-presentation of masking noise, when the ITD for signal was -0.1 or +0.1 ms and the ITD for interaurally correlated noise was -0.1, 0, or +0.1 ms, there were three absolute ITD disparities between the signal and noise (|ITD S+N |): 0 (no ITD disparity), 0.1 (smaller ITD disparity) and 0.2 ms (larger ITD disparity). Similarly, when the ITD for signal was -1 or +1 ms, and the ITD for masking noise was -1, 0, or +1 ms, three types of |ITD S+N | were: 0, 1, and 2 ms. Note that the ITD value of 0.1 ms was shorter than the maximum ITD due to the head size of rats (0.13 -0.16 ms, Koka et al., 2008) , and the ITD value of 1 ms was within the sound delay range for inducing fused sound images in behaving rats (Kelly 1974; Hoeffding and Harrison 1979 ). Thus we assume that for awake rats when |ITD S+N | is zero, no separation is perceived between signal image and noise image; when |ITD S+N | is 0.1 or 1 ms, the signal is perceived as being at one ear and the noise is at the center of the head (smaller perceived signal/noise separation); when the |ITD S+N | is 0.2 or 2 ms, the signal is perceived at one ear and the noise is perceived at the other ear (larger perceived signal/noise separation).
The inter-stimulus interval (ISI) was 800 ms for signals presented in quiet and 1000 ms for signals presented in noise. FFRs in quiet were recorded for a duration of 200 ms beginning at signal onset, while FFRs in noise were recorded for a duration of 800 ms beginning at noise onset. Recordings were carried out before and after microinjection of KYNA or Locke's solution in area TE3 for each of the four groups with injection.
Data analyses
For acoustically evoked potentials recorded in quiet, a 1000-Hz low-pass filter was used to smooth the potential waveform. The latency of monaural chatter-or tone-elicited field potentials in quiet was determined by measuring the time interval between the sound onset and the first positive peak (P1, Figure 3A ) of the response waveform. The latency of the primary negative peak (PN, Figure 3A ) was also determined. Fast-Fourier transform (FFT) was performed for each unfiltered waveform in quiet ( Figure 3E -H). The spectral peak amplitude of a 100-Hz-wide frequency band centered at 2.1 and 4.2 kHz in response to chatter were determined as the FFR F0 and h2 amplitudes, respectively. The spectral peak amplitude of a 100-Hz-wide frequency band centered at 0.7 and 2.1 kHz in response to the tone complex were also determined as the FFR F0 and h3 amplitudes, respectively.
For acoustically evoked potentials recorded in noise, FFT was performed during a period from the signal onset to 15 ms after the signal offset. When chatter was the signal, the spectral peak amplitude of a 100-Hz-wide band centered at 2.1 kHz was determined and labeled as the FFR F0 amplitude of the signal in noise (AMPs+n), and the mean spectral amplitude of two 200-Hz-wide sidebands centered at 1.95 kHz and 2.25 kHz was defined as the amplitude of noise (AMPn). The response signal-to-noise ratio (rSNR) was defined as AMPs+n /AMPn. Computations were also done separately for the 0.7-kHz (F0) FFRs and the 2.1-kHz (h3) FFRs to the tone complex.
The unmasking index, UI, which was used to evaluate the effect of ITD disparity between signal and masker on FFR, was then calculated as:
Where, "-4" and "4" represent the stimulus sSNR of -4 and +4 dB, respectively. "0"
represents the zero ITD disparity (|ITD S+N | = 0), and "N" represents a particular ITD disparity, (0.1, 0.2, 1, or 2 ms). "rSNR -4/0 ", for example, represents the response SNR when the stimulus SNR was -4 dB and the zero disparity was introduced.
Statistical analyses
Analyses of variance (ANOVAs) and Bonferroni post hoc tests were performed by using SPSS 13.0 software (for details see Results). The null-hypothesis rejection level was set at 0.05.
Histology
When all recordings were finished, rats were killed with an overdose of chloral hydrate.
Lesion marks were made via the recording electrodes by an anodal DC current (500 μA for 10 s). The brains were stored in 10% formalin with 30% sucrose, and then sectioned at 40 μm in the frontal plane in a cryostat (-20ºC) . Sections were examined to determine locations of recording electrodes and injection cannulae.
RESULTS
According to histological examination (Figure 2 ), electrodes were precisely located within the LA area in 53 out of the 58 rats, and injection cannulae were precisely located within the area TE3 in 55 out of the 58 rats. After the rats with either misplaced recording electrodes or misplaced injection cannulae were removed from data analyses, result descriptions and statistical analyses here were based on the data from the 51 rats (12 in the KYNA/0.1-ms group, 8 in the Locke's/0.1-ms group, 12 in the KYNA/1-ms group, 8 in the Locke's/1-ms group, and 11 in the masker-control group).
------Insert Figure 2 about here ------
Latencies of evoked field potentials to the chatter or tone complex
Evoked field potentials to the acoustic signal (chatter or tone complex) presented at the contralateral ear exhibited marked onset responses ( Figure 3A , C), but those to the acoustic signal at the ipsilateral ear did not exhibit clear onset responses (Figure 3B, D) . For the onset response to the chatter presented at the contralateral ear, the mean latency of the first positive peak potential was 8.03 ms (SD = 0.68 ms) and the mean latency for the primary negative peak was 10.83 ms (SD = 0.97 ms). For the onset response to the tone complex, the mean latencies of these two peak potentials were 7.67 ms (SD = 0.42 ms) and 10.92 ms (SD = 0.76 ms), respectively.
------Insert Figure 3 about here ------
Monaural and binaural FFRs when no noise masker was presented
FFRs to ipsilateral, contralateral, or bilateral stimulation were first analyzed for conditions without the presentation of noise masker. When the noise masker was not presented, fast-Fourier spectral analyses of field-potential waveforms to the chatter presented at either the contralateral or ipsilateral ear ( Figure 3A , B) clearly revealed the F0 component in all of the 51 rats, but the h2 component was found only in 22 (43%) rats and the h3 component was not detected in any recording sites ( Figure 3E , F). Fast-Fourier spectral analyses of field-potential waveforms to the tone complex presented at either the contralateral or ipsilateral ear ( Figure 3C , D) revealed both the F0 and h3 components in all 51 rats, and the h5 component in 31 (61%) rats. Since the chatter-h3 and tone-h5 components could not be reliably elicited across animal subjects, this study only focused the analyses on the tone-F0, tone-h3 and, chatter-F0 components.
FFRs to the ipsilateral chatter F0 or to the ipsilateral tone h3 were larger than those to the contralateral chatter F0 or to the contralateral tone h3 (see Figure 3 , and Stimulus
Conditions I and C in Figure 4 ). and tone-F0 amplitudes suggest differentiated binaural modulations of these two frequency components. ------Insert Figure 8 about here ------
Effects of blocking AAC on FFRs to chatter presented in quiet

DISCUSSION
Short onset-response latency
In this study, both the chatter and the tone complex presented at either ear were able to evoke marked field potentials in the LA. However, the stimulus at the contralateral ear, but not at the ipsilateral ear, elicited marked onset responses. The latency of the first positive peak to acoustic stimuli at the contralateral ear was about 8 ms. This short onset-response latency suggests fast pathways connecting the cochlear nucleus to the mMGB and then to the LA. Indeed, it has been shown in rats that the dorsal cochlear nucleus, the small cell cap of the ventral cochlear nucleus, and the posterior ventral cochlear nucleus directly project to the mMGB bypassing the auditory midbrain (Malmierca et al. 2002) . This fast neural connection would be critical for ensuring immediate LA processing of environmental acoustic signals.
Frequency dependence and ipsilateral-input dominance of FFRs
For the chatter stimulus, the F0 component (2. Figure 3G , H), suggesting that phase-locking processing in the LA is more sensitive to the F0 frequency of species-specific tail-pain chatter.
The mMGB, which mainly receives its ascending inputs from the ipsilateral auditory midbrain (the inferior colliculus, IC) and contralateral cochlear nucleus (LeDoux et al. 1987 (LeDoux et al. , 1990 Malmierca et al. 2002) , transfers auditory signals to the ipsilateral LA (LeDoux et al. 1990 ). In the rat's IC, the majority of neurons responding to sounds (including EE, EI, and (which estimates the degree of phase locking) and/or in the variety of preferred firing phase.
Binaural interactions in FFRs
Although the chatter and the tone complex presented at either ear was able to elicit Since binaural inhibition in rats is related to sound localization (e.g., Kelly et al. 1996) , the results obtained in this study suggest that the neural mechanisms underlying FFRs recorded in the LA are also associated with processing certain spatial information. In other words, binaural inhibition of FFRs in the LA may be important for rats to encode both finestructure and spatial features of pain calls and allocate spatial attention to the salient chatter.
For example, when a rat faces two different chatters from different spatial locations, binaural inhibition that occurs in the LA may lead to a difference in the neural representation of the fundamental frequencies between the two sides of LA, allowing the rat to more effectively perceive the chatter based on a higher sound level and/or earlier arrival.
Meck and MacDonal (2007) In humans, when both an acoustic signal (i.e., speech) and a masker are presented by each of two spatially separated loudspeakers, perceived spatial separation between signal image and masker image, which is caused by perceptual fusion of correlated waveforms, significantly improves recognition of the signal (e.g. Freyman et al. 1999 , Li et al. 2004 Wu et al. 2005) . The binaural unmasking of FFRs in the LA as revealed by this study may be associated with perceptual fusion of correlated sounds (Kelly 1974; Hoeffding and Harrison 1979) . Indeed, when the masking noises at the two ears were uncorrelated and not fused, which leads to no perceived separation between the signal and noise, the binaural unmasking effect disappeared.
Specificity of FFRs to the chatter
In this study, a tone complex, with an F0 of 0.7 kHz, h3 of 2.1 kHz, and h5 of 3.5 kHz, was used as a control stimulus for examining the specificity of FFRs to the chatter F0 component (2.1 kHz). When the noise masker was not presented, both the monaural and binaural features of FFRs to the chatter F0 were very similar to those of the tone h3 component. Also, when the noise masker was presented and the signal ITD was 1 ms, introducing an ITD disparity between the signal and masker caused an equal enhancement in the chatter-F0 amplitude and the tone-h3 amplitude.
However, when the noise masker was presented and the signal ITD was 0.1 ms, introducing an ITD disparity between the signal and masker caused a significantly larger enhancement of the chatter-F0 amplitude than the enhancement of the tone-h3 amplitude.
Thus, although the chatter h2 and h3 components elicit less or no FFRs, they may make certain contributions to the ITD-disparity-induced enhancement of F0 FFRs against masking under the condition with the signal ITD of 0.1 ms, which is in the range of interaural traveling time of sound waves for rats. The specificity of FFRs to pain calls is an interesting issue for further investigation in the future.
Cortically modulated binaural unmasking of FFRs
In this study, when the noise masker was not presented, binaural interaction was not changed by bilaterally blocking area TE3 ( Figure 5 ). However, when the noise masker was presented (Figure 8 ), the binaural unmasking effects under conditions of ipsilateral chatter leading were significantly enhanced by blocking excitatory glutamate transmissions in the area surrounding the AAC (area TE3), which is the cortical region sending direct axonal projections to the LA (Romanski and LeDoux 1993; Shi and Cassell 1997) . The results suggest that the AAC plays a role in gating the binaural unmasking of FFRs in LA when the ipsilateral chatter leads the contralateral one.
What are the potential mechanisms underlying such cortical gating? It is well known that both principal (projection) neurons and inhibitory interneurons in LA receive excitatory afferents from both mMGN and AAC (Bauer and LeDoux 2004; Paré et al. 2004; Szinyei et al. 2000) . Principal neurons interact with interneurons (Lang and Paré 1997, 1998; Mahanty and Sah 1998) and receive GABAergic inhibitory influence from interneurons (Bauer and LeDoux 2004; Lang and Paré 1997, 1998; Li et al. 1996; Szinyei et al. 2000) . Thus interneurons in the LA may mediate the cortical gating.
The vast majority of excitatory mMGN-LA synapses occur on dendritic spines containing not only GluR1-3 subunits of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors but also the R1 subunit of N-methyl-D-aspartate receptors (NMDARs) (LeDoux et al. 1991; Farb and LeDoux 1997) . Since dendritic spines occur mainly on LA principal neurons but not interneurons (McDonald 1982; Millhouse and de Olmos 1983; Nitecha and Ben-Ari 1987) , the direct impact of mMGN afferents is stronger onto principal neurons than onto interneurons. Interestingly, NMDARs contribute mainly to excitatory transmissions at mMGN afferents, but to a lesser extent to those at AAC afferents (Li et al. 1995 (Li et al. , 1996 Weisskopf and LeDoux 1999; Zinebi et al. 2001) , and When masking noise was absent, FFRs to the chatter or the tone complex might be mainly (or completely) based on inputs from the mMGB, and blocking AAC in quiet did not substantially change FFRs to the chatter or the tone complex.
Summary
The major findings of this study are (1) signals of the rat's pain-call are precisely coded in rat amygdala in the form of FFRs that preserve the dominant F0 signal of the chatter; (2) the FFR F0 amplitude is stimulated-ear dependent, with an ipsilateral-input dominance, which is also modulated by binaural inhibition, suggesting a functional relationship with spatial attention; (3) noise masking of LA FFRs can be reduced by binaural processing, which may reflect binaural unmasking in the central binaural pathways; (4) binaural unmasking is affected by top-down cortical gating.
Since the LA is known to be involved in eliciting defensive responses to threatening events, both binaural and cortical modulations of FFRs in rat LA are importantly associated with perception of life-threatening signals in noisy and even reverberant environments.
It should be noted that unlike the mouse pup wriggling calls, which also have vowellike multi-harmonic structures and can reliably elicit maternal behavior of mother mice (Ehret and Riecke , 2002) , the behavioural relevance of the rat chatter is still not clear.
Particularly, behavioural and/or neural responses of a rat to hearing the chatter of another rat have not been reported in the literature. Thus the ecological significance of the chatter for rats is an important issue in future studies. showing a F0 at 0.7 kHz and two harmonics at 2.1 (h3) and 3.5 kHz (h5). 
